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and postsynaptic neurons might induce secretion of
neurotrophins, which in turn would result in synaptic
modification. In fact, LTP is impaired when neurotrophinSummary
function is abolished (Korte et al., 1995, 1996; Patterson
et al., 1996; Kang et al., 1997).The role of the target cell in neurotrophin-induced
Recent studies have shown that synaptic plasticity inmodifications of glutamatergic synaptic transmission
the hippocampus can be target specific; the same pat-was examined in cultured hippocampal neurons. Brain-
tern of stimulation that resulted in potentiation when thederived neurotrophic factor (BDNF) induced rapid and
postsynaptic neuron was glutamatergic failed to do sopersistent potentiation of evoked glutamate release
when it was GABAergic (McMahon and Kauer, 1997; Biwhen the postsynaptic neuron was glutamatergic, or
and Poo, 1998; Maccaferri et al., 1998). Moreover, inexcitatory (E!E), but not when it was GABAergic, or
neocortical slices, the identity of the postsynaptic targetinhibitory (E!I). This target-specific action of BDNF
cell can determine whether a synapse undergoes pairedwas also found at divergent outputs of a single presyn-
pulse facilitation or depression, two forms of short-termaptic neuron innervating both glutamatergic and GA-
presynaptic plasticity (Reyes et al., 1998). The require-BAergic neurons, suggesting that individual terminals
ment of brain-derived neurotrophic factor (BDNF) forcan be independently modified. Surprisingly, BDNF in-
certain forms of hippocampal plasticity may reside ei-creased the frequency of miniature postsynaptic cur-
ther in its direct involvement in the induction of LTP orrents at both E!E and E!I, although it had no effect
in its endowing the synapse with the capability to un-on evoked currents at E!I. Finally, potentiation by
dergo the induction process. Differences in the secretionneurotrophin-3 (NT-3) was also target specific. The se-
of BDNF or in its action at the synapse could accountlective effect at E!E suggests that retrograde signaling
for the target-specific synaptic plasticity. In this study,by the postsynaptic target cell endows a localized pre-
we have examined whether neurotrophin-induced modi-synaptic action of neurotrophins.
fications of glutamatergic synapses are affected by the
identity of the postsynaptic cell and whether these modi-
fications occur in either the pre- or postsynaptic neuron.Introduction
Neurotrophins have been implicated in a myriad of cellu- Results
lar processes, including differentiation and survival of
neuronal populations, and plasticity of synaptic connec- BDNF Potentiates Evoked Excitatory Synaptic
tions (Thoenen, 1995). Long-term effects of neurotroph- Transmission at E!E but Not E!I
ins may account for structural changes in neuronal con- Effects of neurotrophins on excitatory synaptic trans-
nectivity in the visual cortex (Domenici et al., 1991; mission were studied at developing hippocampal syn-
McAllister et al., 1995; Riddle et al., 1995; Cabelli et al., apses in culture. Excitatory postsynaptic currents (EPSCs)
1997; Horch et al., 1999) and adaptive modulation of were recorded from pairs or triplets of interconnected
synaptic function in cultured cortical neurons (Ruther- neurons using a perforated-patch whole-cell recording
ford et al., 1998). On the other hand, neurotrophins can method. To address a potential role of the postsynaptic
induce rapid morphological changes in neuronal growth target neuron for synaptic modifications by neurotroph-
cones (Seeley and Greene, 1983; Ming et al., 1997; Song ins, experiments were carried out only when the trans-
et al., 1997) and exert fast modulation of neurotransmis- mitter phenotype of both pre- and postsynaptic neurons
sion at the neuromuscular junction and at central syn- was determined unambiguously. The phenotype, gluta-
apses (Lohof et al., 1993; Kim et al., 1994; Kang and matergic (E) or GABAergic (I), of all neurons in the dou-
Schuman, 1995; Stoop and Poo, 1995; Berninger and blet/triplet was assessed at the beginning of each exper-
Poo, 1996; Akaneya et al., 1997; Tanaka et al., 1997; iment by examining the decay time, reversal potential,
Frerking et al., 1998; Lessmann and Heumann, 1998; and, in some cases, pharmacology of postsynaptic re-
Boulanger and Poo, 1999). Exposure to neurotrophins sponses (see Experimental Procedures). The half-decay
also facilitates the induction of long-term potentiation time was 3.7 6 0.8 ms (mean 6 SD, n 5 24 neurons)
(LTP) in hippocampal and visual cortical slices (Figurov for EPSCs and 18.6 6 7.6 ms (n 5 12) for inhibitory
et al., 1996; Akaneya et al., 1997; Gottschalk et al., 1998). postsynaptic currents (IPSCs). The reversal potentials
Since synthesis and secretion of neurotrophins are regu- for EPSCs and IPSCs were in the range of 25 to 5 and
lated by neuronal activity (Gall and Isackson, 1989; Zafra 270 to 240 mV, respectively. We have recently shown
that synapses with large initial amplitude of EPSCs fail
to be potentiated by BDNF (Berninger et al., 1999). For* To whom correspondence should be addressed (e-mail: mpoo@
ucsd.edu). this reason, analysis of excitatory synapses made onto
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et al., 1997) in hippocampal cultures treated with neuro-Table 1. Properties of Excitatory Synaptic Transmission onto
Glutamatergic and GABAergic Target Neurons trophins. We have examined properties of synaptic
transmission that may help to reveal pre- or postsynap-E!E E!I
tic modifications. First, we measured the PPR of EPSC
EPSCs Amplitude (pA) 296 6 290 280 6 220 amplitudes elicited by two stimuli separated by 50 ms.
(48) (22)
Alterations in PPR are known to be associated withCV 0.19 6 0.14 0.18 6 0.10
presynaptic modifications, which reflect changes in the(41) (19)
probability of transmitter release (Pr; Manabe et al., 1993;PPR 0.88 6 0.49 0.74 6 0.19
(42) (22) Neher, 1998; Bellingham and Walmsley, 1999). Second,
we analyzed the variance of EPSC amplitudes (quanti-mEPSCs Amplitude (pA) 25.1 6 4.6 34.6 6 7.5*
(16) (13) tated as the CV), which has been used to distinguish
Frequency (events/min) 7.7 6 16.0 18.1 6 20.0 whether synaptic modifications are pre- or postsynap-
(16) (13) tic. For instance, an increase in neurotransmitter release
Data were collected from all experiments described in this paper. at the presynaptic locus will render a reduction in CV
EPSCs were measured at the beginning of each experiment (during due to the increase in number of release sites and/or in
baseline recordings) for 10-20 min in the absence of any treatment. Pr (Bekkers and Stevens, 1990; Malinow and Tsien, 1990;
CV and PPR were calculated as described in the legend to Figure Korn and Faber, 1991; Manabe et al., 1993). However,
2, using 40-80 data points. Properties of mEPSCs were measured
changes in CV might reflect an uneven distribution ofduring the initial 10 min of each experiment, before any treatment
the loci (proximal versus distal sites) that undergowas applied. Data are mean 6 SD. Number of experiments are
indicated in the parentheses. Asterisk indicates data that are signifi- changes in synaptic efficacy (Sakmann et al., 1998) or
cantly different from those for E!E connections (p , 0.001, t test). activation of postsynaptically silent synapses (Isaac et
al., 1995; Liao et al., 1995).
We found that enhancement of synaptic transmission
at E!E was indeed accompanied by a reduction in PPR,both glutamatergic (E!E) and GABAergic (E!I) neurons
with the magnitude of reduction being correlated withwas restricted to connections with an initial amplitude
the degree of potentiation (Figures 2A and 2B). Further-of ,700 pA (Table 1). Properties of EPSCs such as the
more, synaptic transmission became more reliable aftercoefficient of variation (CV) and the paired pulse ratio
BDNF treatment, as indicated by the decrease in CV(PPR; see below) were indistinguishable at these two
and its correlation with the extent of potentiation (Figuretypes of synapses (Table 1).
2B). The data fall along the dotted diagonal line, withBath application of BDNF (100 ng/ml) was performed
most values above unity, suggesting presynaptic modifi-15±20 min after stable recording. At E!E synapses, we
cations (Bekkers and Stevens, 1990; Malinow and Tsien,observed a persistent increase in the EPSC amplitude
1990). In contrast, at E!I connections, where potentia-(Figures 1A, 1C, and 1D) within 10 min of the application
tion was absent, no changes in PPR or CV were detectedof BDNF. In the example shown in Figure 1A, the ampli-
(DPPR 5 1.07 6 0.06, CV2 ratio 5 0.98 6 0.16, n 5 13).tude of EPSCs reached .200% of the initial value be-
Together, these results suggest that synaptic transmis-tween 40 and 50 min after treatment. In most cases, a
sion at E!E was enhanced due to a presynaptic change,plateau phase was reached after about 30 min (Figure
such as an increase in the probability of glutamate re-1C), and the potentiation was sustained throughout the
lease and/or in the number of release sites.experiment. In addition, when BDNF was washed out,
the enhancement of EPSCs persisted for as long as the
recording continued (.20 min, n 5 4, data not shown). Potentiation of NMDA Receptor±Mediated Currents
Under normal recording conditions, EPSCs are medi-After 30 min of treatment with BDNF, postsynaptic re-
sponses at E!E were on the average 1.51 6 0.08-fold ated by a-amino-3-hydroxy-5-methyl-4-isoxasole-pro-
pionic acid (AMPA) receptors. If the potentiation is dueof that which occurred during the baseline period (n 5
20, p , 0.001; paired t test). In contrast to its robust to an increase in presynaptic release of glutamate,
pure N-methyl-D-aspartate (NMDA) receptor±mediatedeffect on E!E synapses, BDNF failed to modulate E!I
synapses (Figures 1B±1D). On the average, the EPSC EPSCs should be enhanced by BDNF to an extent similar
to that of AMPA receptor±mediated EPSCs (Weisskopfamplitude of E!I connections was 0.97 6 0.04-fold of
the control value (n 5 13, p . 0.9) after 30 min of treat- and Nicoll, 1995; Bellingham and Walmsley, 1999). We
have recorded NMDA receptor±mediated EPSCs at E!Ement with BDNF. Thus, the synaptic response to this
neurotrophin is determined by the transmitter pheno- connections in a Mg21-free recording solution contain-
ing 10 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),type of the postsynaptic target cell.
20 mM bicuculline, and 1 mM glycine (see Experimental
Procedures). Under these conditions, EPSCs displayedPotentiation of Synaptic Transmission by BDNF
Is Due to Presynaptic Modifications a slow decay time (.200 ms) and higher noise and were
blocked by MK-801, all of which are characteristics ofTo unveil the origin of the target specificity of BDNF-
induced potentiation, it is necessary to determine NMDA receptor±mediated responses. In control experi-
ments (in the absence of BDNF), NMDA receptor±medi-whether the potentiation was expressed in the pre- and/
or the postsynaptic cell. At present, there is evidence for ated EPSCs displayed a z10% rundown (Figure 3B),
probably as a consequence of inactivation of NMDAboth enhanced presynaptic transmitter release (Lessmann
and Heumann, 1998; Li et al., 1998a, 1998b) and increased receptors by elevated cytoplasmic Ca21 (Rosenmund
and Westbrook, 1993; Schinder and Montal, 1993; Tongpostsynaptic sensitivity (Levine et al., 1995, 1998; Suen
Target-Specific Potentiation by Neurotrophins
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Figure 1. Target-Specific Potentiation of Excitatory Synaptic Transmission by BDNF
(A) Example of a recording of glutamatergic synaptic transmission onto a glutamatergic neuron (E!E). The diagram at the top depicts the
connectivity deduced from monosynaptic currents recorded in response to stimulation of each neuron in the pair (see associated sample
EPSCs). In this experiment, one of the neurons was selected to be presynaptic and was stimulated with paired pulses (50 ms apart) once
every 15 s. Each data point in the scatter plot depicts the amplitude of the first EPSC. The thick line below indicates the duration of the
exposure to 100 ng/ml of BDNF. The dotted line depicts the average EPSC amplitude during the control period (prior to BDNF treatment).
Shown above are sample traces (averages of ten events) recorded at the times marked as I and II. Scale bar: 100 pA, 5 ms.
(B) Example of excitatory synaptic transmission onto a GABAergic neuron (E!I). Note the slow decay time of the IPSC shown in the upper
diagram. Measurement of EPSCs showed no change in the synaptic response for 40 min after the onset of BDNF treatment. Scale bar: 100
pA, 5 ms.
(C) Summary of all experiments on E!E and E!I connections similar to those shown in (A) and (B). The amplitude of EPSCs was normalized
to the mean amplitude recorded during the baseline period (before BDNF treatment) for each experiment before averaging. Data points
represent mean 6 SEM. Increased size of the error bars at later points is due to the fact that only 11 out of 20 experiments lasted beyond
30 min of BDNF treatment. Experiments performed on triplets (see Figure 4) were also included in the averages.
(D) Extent of BDNF-induced potentiation for individual experiments performed on doublets. The potentiation factor was calculated as the
ratio between the mean EPSC amplitude during the last 10 min of the BDNF treatment and that during the baseline period. Postsynaptic
responses at E!E were on average 1.53 6 0.10-fold of those during the baseline period (n 5 15, p , 0.001, paired t test). E!I connections
showed no change (0.99 6 0.04-fold of baseline value; n 5 8, p . 0.9).
et al., 1995). Consistent with an increase in glutamate noted that the decay times of both AMPA and NMDA
receptor±mediated currents were not affected afterrelease, BDNF induced significant enhancement of the
amplitude of NMDA receptor±mediated EPSCs (Figures BDNF-induced potentiation (data not shown).
While the above findings are consistent with a presyn-3A and 3B). The amplitude of EPSCs was enhanced
to a level 1.50 6 0.11-fold (p , 0.001, t test) of the aptic effect of BDNF, they do not exclude the possibility
of coordinated changes in postsynaptic AMPA andcorresponding values obtained in the control experi-
ments. The extent of potentiation is similar to that found NMDA receptors. Further evidence for presynaptic ef-
fects was provided by our observations that the CV offor AMPA receptor±mediated EPSCs (Figure 1). We also
Neuron
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Figure 2. Presynaptic Enhancement of Synaptic Transmission by
BDNF at E!E, Revealed by Changes in PPR and CV
(A) Time course of the PPR for the experiment shown in Figure 1A.
For each test paired pulse, PPR is the ratio of the amplitude of the
second EPSC to that of the first. Scale bar: 100 pA, 20 ms.
([B], Left Panel) Analysis of the CV of the first EPSC shows that the
variability of EPSCs decreases after exposure to BDNF. The ratio
of CV2 was determined as CV2baseline/CV2BDNF, where CV2 5 (s/m)2; s
and m are the standard deviation and mean of the EPSC amplitude.
The data fall along the dotted diagonal line, with most values above
unity, suggesting presynaptic modifications. The values of s and m
were measured during 10 min (40 episodes) before the onset of the
treatment and the last 10 min of the experiment, to calculate CV2baseline
and CV2BDNF, respectively.
Figure 3. Presynaptic Enhancement of Synaptic Transmission by([B], Right Panel) Change in PPR (DPPR) after the enhancement of
BDNF at E!E, Revealed by the Analysis of NMDA Receptor±EPSCs by BDNF was computed as PPRBDNF/PPRbaseline, where PPRBDNF
Mediated EPSCsand PPRbaseline are mean values after and before the BDNF treatment.
(A) Example of a recording of NMDA receptor±mediated EPSCs forThe mean PPR values were calculated from 40 episodes recorded
E!E in the presence of CNQX. Note the slow decay time of EPSCsduring the baseline period (210 to 0 min) and after exposure to
(sample traces above) characteristic of NMDA receptor±mediatedBDNF (during the last 10 min of the experiment), respectively. Each
responses. Scale bar: 10 pA, 200 ms.point refers to the result from one experiment. The line represents
(B) Average time course of the effect of BDNF on NMDA receptor±the best linear fit of the data (r 5 20.677, p 5 0.001). Open squares
mediated synaptic transmission. The amplitude of NMDA receptor±represent mean 6 SEM.
mediated EPSCs was normalized to the mean amplitude recorded
0±5 min before the onset of the treatment. In the control experiments
(without BDNF treatment), responses displayed a small rundown
NMDA receptor±mediated currents decreased signifi- (0.90 6 0.06, n 5 6, p . 0.1, paired t test). In contrast, EPSCs were
cantly when transmission was potentiated by BDNF (Fig- enhanced by BDNF to a level 1.28 6 0.06-fold of that during the
ure 3C; CV2ratiocontrol 5 0.82 6 0.15, CV2ratioBDNF 5 1.49 6 baseline period of the same synapse (n 5 8, p , 0.001) or 1.44 6
0.12-fold (p , 0.001, unpaired t test) of the corresponding values0.28, p , 0.05, t test). Finally, it is of interest to note
in the control experiments.that the similar enhancement of AMPA and NMDA re-
(C) Analysis of the CV of NMDA receptor±mediated responses.ceptor±mediated EPSCs suggests that BDNF-induced
Whereas control experiments displayed a small decrease in the CV2
potentiation was not due to the appearance of functional ratio, enhancement of EPSCs by BDNF was accompanied by a
AMPA receptors at postsynaptically silent synapses significant increase in the CV2 ratio. The difference between the
(Isaac et al., 1995; Liao et al., 1995). mean CV2 ratios was significant (p , 0.05, t test).
Selective Modulation of Divergent Outputs
of the Same Presynaptic Neuron by BDNF following question: can this specificity be achieved
within a single neuron that projects onto different tar-The dependence of BDNF-induced presynaptic potenti-
ation on the identity of the postsynaptic cell raises the gets? The axonal branches or individual terminals of a
Target-Specific Potentiation by Neurotrophins
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Figure 4. Target-Specific Potentiation of Glutamate Release by BDNF Ex-
pressed in a Single Presynaptic Neuron
(A) Example of a triplet with a glutamatergic neuron projecting divergent outputs
onto a glutamatergic and a GABAergic neuron.
(A1) The diagram at the top indicates the connectivity deduced from synaptic
currents recorded in response to stimulation of each neuron in the triplet. The
dashed line depicts a polysynaptic connection. The identity of the inhibitory
autaptic connection was confirmed by blocking IPSCs with bicuculline at the
end of the experiment. Each data point in the scatter plot depicts mean EPSC
amplitudes over 1 min bins, normalized to the mean amplitude recorded during
the baseline period (dotted line). Closed and open symbols depict EPSCs for
E!E and E!I, respectively, simultaneously recorded in response to stimulation
of the presynaptic neuron. Shown above are sample traces (averages of ten
events) at the times indicated by I and II. Scale bar: 50 pA, 8 ms (E!E), and
25 pA, 8 ms (E!I).
(A2) Change of PPR with time for the experiment shown in (A1). Scale bar: 50 pA, 25 ms (E!E), and 25 pA, 25 ms (E!I).
(B) Degree of potentiation induced by BDNF for individual experiments performed on five triplets, similar to the example shown in (A). Data
obtained from divergent outputs of the same neuron are connected by a line. Triangles with error bars represent mean 6 SEM (n 5 5). The
difference between the two sets of data is statistically significant (p , 0.03, paired t test).
single cell connecting onto different types of postsynap- triplets. Clear, target-specific potentiation was found in
four out of five triplets. The mean value of potentiationtic neurons could become differentially sensitive to
BDNF. Alternatively, the influence of the target cell may at E!E (1.40 6 0.11) was significantly higher than that
not be locally restricted to the innervating terminals but at E!I synapses (0.99 6 0.07, p , 0.03, paired t test).
spread to all terminals of the presynaptic neuron, re- Therefore, projections from the same neuron onto dis-
sulting in a global sensitivity to BDNF. To directly ad- tinct postsynaptic target cells are differentially affected
dress this question, we recorded EPSCs from triplets by BDNF. These findings suggest that the neurotrophin
in which a single excitatory presynaptic cell projected acts at the level of individual axonal branches or terminals
divergent outputs onto both a glutamatergic and a GA- to exert a local modification of neurotransmitter release.
BAergic neuron. We found that bath application of BDNF
resulted in enhancement of EPSCs recorded from the
BDNF Increases the Frequency but Notglutamatergic but not the GABAergic neuron (Figure 4).
the Amplitude of mEPSCs in E!EIn the example shown in Figures 4A1 and 4A2, we found
The analysis of miniature excitatory postsynaptic cur-that after BDNF treatment, synaptic transmission onto
rents (mEPSCs) provides additional information on thethe glutamatergic neuron was potentiated, while trans-
nature of synaptic modifications induced by BDNF. Ifmission onto the GABAergic cell became slightly de-
potentiation at E!E were purely presynaptic, the ampli-pressed. Furthermore, synaptic enhancement at E!E
tude of mEPSCs should remain unchanged, but the fre-was accompanied by a decrease in PPR of about 19%,
quency of spontaneous mEPSCs might increase afterconsistent with a presynaptic locus of potentiation. Fig-
ure 4B summarizes results from all five experiments on treatment with BDNF, as suggested by previous findings
Neuron
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Figure 5. BDNF-Induced Increase in Sponta-
neous mEPSC Frequency at E!E
(A) An example of recording of mEPSCs from
an innervated glutamatergic neuron.
(A1) The diagram on the top represents multi-
ple excitatory inputs on a glutamatergic neu-
ron. Each data point in the scatter plot de-
picts the amplitude of a mEPSC, recorded in
the presence of TTX and bicuculline. Due to
the high initial frequency in this recording,
spontaneous events were collected only for
5 min at 10 min intervals. Shown above are
individual sample traces recorded at the
times marked as I and II. Scale bar: 20 pA,
3 ms.
(A2) Histogram of mEPSC frequency versus
time. Each bar represents the number of
mEPSCs detected during each 10 min inter-
val. The onset of the BDNF treatment was set
at t 5 0. Light and dark bars indicate the
baseline and treatment period, respectively.
(A3) Amplitude histograms for mEPSCs re-
corded during the baseline (upper panel) and
during the last 10 min of BDNF treatment
(lower panel).
(B) Changes in the mEPSC frequency with
time for all E!E experiments. For each exper-
iment, the frequency of mEPSCs was normal-
ized to the 10 min interval before the onset
of the treatment. Control indicates treatment
with vehicle alone. BDNF induced a signifi-
cant increase in mEPSC frequency (asterisk
denotes p , 0.05, t test).
(C) Amplitude distributions of mEPSCs re-
corded after control (open triangles) and
BDNF treatments for all E!E experiments.
For each experiment, all mEPSCs recorded
between 30 and 40 min after treatment were
included. Each point denotes mean 6 SEM
(same data sets as those used in [B]). The
difference between the two distributions is
not significant (p . 0.2, Kolmogorov-Smirnov
test).
(Lohof et al., 1993; Lessmann et al., 1994; Li et al., 1998b). BDNF induced up to a 3-fold increase in the mEPSC
frequency (Figure 5B). In contrast to the effect on fre-In addition, if E!I synapses were completely unrespon-
sive, mEPSCs should not be affected by BDNF. To ad- quency, neither the amplitude distributions (Figures 5A3
and 5C) nor the mean mEPSC amplitudes (1.02 6 0.22-dress these questions, mEPSCs were recorded in pairs
or triplets of interconnected neurons. Evoked currents fold of the control treatment) were affected by BDNF.
These results provide additional support to the conclu-were initially utilized to assess the identity of each neu-
ron, as described above. Subsequently, recordings were sion that BDNF acts at the level of the presynaptic termi-
nals without altering the postsynaptic transmitter sensi-carried out in the presence of tetrodotoxin (TTX, 1 mM),
to prevent evoked synaptic transmission due to sponta- tivity.
neous firing, and bicuculline (20 mM), to block GABAer-
gic currents (see Experimental Procedures). Under these Presynaptic Terminals of E!I Are Responsive
to BDNFconditions, mEPSCs recorded from identified target
cells may arise from one or more excitatory inputs. Basal mEPSCs recorded from GABAergic neurons in
the presence of TTX displayed different initial propertiesWhen the target neuron was excitatory (E!E configu-
ration), BDNF induced a clear increase in the frequency than those found in E!E (Table 1). Compared with that
of E!E connections, the mean amplitude of mEPSCsof mEPSCs (Figures 5A1, 5A2, and 5B). In contrast to
previous work that reported a fast and transient potenti- was about 40% larger at E!I connections, and the mean
frequency also appeared to be higher. The largeration (Lessmann et al., 1994; Li et al., 1998b), this effect
was apparent only after a 10±15 min delay and persisted mEPSC amplitudes found at E!I might reflect postsyn-
aptic differences in glutamate receptor channel conduc-for at least 40 min. This delay to the onset of potentiation
appeared to be longer than that for evoked responses tances (Hestrin, 1993). Following BDNF treatment, we
found that the frequency of mEPSCs recorded from E!I(see Figure 1C). No significant increase in mEPSC fre-
quency was found for recordings carried out under con- was elevated to a level 3-fold of that observed during
the baseline period (Figures 6A1, 6A2, and 6B). This resulttrol conditions (in the absence of BDNF). On the average,
Target-Specific Potentiation by Neurotrophins
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Figure 6. BDNF Responsiveness at E!I Syn-
apses, Revealed by Analysis of mEPSCs
(A) Example of a recording of mEPSCs ob-
tained from a GABAergic neuron.
(A1) The diagram at the top depicts an inhibi-
tory postsynaptic neuron with multiple ex-
citatory inputs. Spontaneous events were
continuously collected throughout the exper-
iment. Scale bar: 20 pA, 3 ms.
(A2) Changes of mEPSC frequency with time.
Each bar represents the frequency of
mEPSCs detected over a 10 min period.
(A3) Amplitude histograms for mEPSCs re-
corded during baseline period (upper panel)
and during the last 5 min of BDNF treatment
(lower panel).
(B) Changes in mEPSC frequency with time
for all E!I experiments. A significant increase
in mEPSC frequency was observed after 25
min (asterisk denotes p , 0.05, t test).
(C) Amplitude distribution of mEPSCs re-
corded for all control experiments (open tri-
angles) and BDNF treatments (closed trian-
gles) for all E!I experiments (same data sets
as those used in [B]). No significant difference
was found between the two distributions (p .
0.2, Kolmogorov-Smirnov test).
is surprising in view of the complete lack of effect of hippocampal neurons and whether such modifications
display target specificity. The actions of BDNF and NT-3BDNF on EPSCs (Figure 1). There was a slight increase
are mediated primarily through different tyrosine kinasein the mean amplitude of mEPSCs with time (Figure 6A3).
receptors (TrkB and TrkC, respectively; Thoenen, 1995)However, this was found in both control and BDNF-
and might therefore result in different effects on synaptictreated E!I synapses. (This phenomenon was not ob-
transmission.served at E!E synapses, and its origin is unclear.) Over-
We found that bath application of NT-3 (100 ng/ml)all, the amplitude distribution of mEPSCs obtained from
produced a robust potentiation of glutamatergic trans-all experiments showed no significant differences be-
mission at E!E but not E!I connections (Figure 7),tween control and BDNF-treated synapses (Figure 6C),
similar to BDNF. In the example shown in Figure 7A,and the mean mEPSC amplitude after BDNF treatment
enhancement of synaptic transmission by NT-3 was ap-was 1.06 6 0.21-fold of that of the control treatment.
parent within minutes and reached a plateau after 20±30These findings demonstrate that E!I connections are
min of treatment. In other cases, the delay of the onsetresponsive to BDNF and that potentiation of mEPSC
of potentiation was more prolonged (.20 min). This isfrequency can occur without any change in the evoked
reflected in the average, which shows a slower rate ofrelease.
increase in the potentiation (Figure 7C; compare with
Figure 1C). In some cases, the enhancement of EPSCs
Target-Specific Potentiation of Synaptic was accompanied by the appearance of new polysyn-
Transmission by Neurotrophin-3 aptic components, presumably due to potentiation of
In addition to BDNF, other neurotrophins have been distant excitatory connections not directly recorded. In
proposed to be involved in synaptic plasticity in central the example shown (Figure 7A, inset II), a polysynaptic
neurons (Kang and Schuman, 1995; Thoenen, 1995; current emerged after NT-3 treatment (arrowhead),
McAllister et al., 1999). Since neurotrophin-3 (NT-3) is probably as a consequence of the recruitment of a new
highly expressed in the hippocampus (Ernfors et al., excitatory loop that activated a synaptic input projecting
1990; Rocamora et al., 1996), we tested whether this onto the recorded cell. This phenomenon was also found
in the presence of BDNF (data not shown).neurotrophin induces synaptic modifications in cultured
Neuron
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In contrast to the potentiation at E!E connections, (Lessmann and Heumann, 1998; Berninger et al., 1999),
which may represent ªimmatureº synapses. In contrast,E!I connections showed no changes after NT-3 treat-
ment (Figures 7B±7D). The average amplitude of EPSCs in the studies by Sherwood and Lo (1999), the initial
amplitude of EPSCs was high (in the range of a fewafter 30 min of treatment with NT-3 was 1.06 6 0.04-
fold of the initial baseline value (p . 0.3, paired t test). nanoamperes), suggesting more ªmatureº synaptic con-
nections. The hypothesis that neurotrophins may haveTherefore, both BDNF and NT-3 potentiate exclusively
excitatory synaptic transmission onto glutamatergic tar- an acute effect only on young developing synapses
could, in part, resolve the discrepancy found betweenget neurons.
Although the findings presented thus far may suggest cultures and adult slices, where synapses are likely to
be more mature.that BDNF and NT-3 have equivalent effects on excit-
atory synaptic transmission, further analyses of PPR
and CV as well as mEPSCs suggest that this is not Presynaptic Potentiation by BDNF
the case. Some experiments showed that NT-3-induced The simplest mechanism for target-specific potentiation
potentiation is accompanied by a striking reduction in of synaptic transmission by neurotrophins would be a
the PPR and CV, such as the example shown in Figures postsynaptic modification that increases the sensitivity
7A and 8A (potentiation factor 5 1.46, DPPR 5 0.80, to glutamate. Thus, phenotypically distinct neurons (E
and CV2 ratio 5 2.26), suggesting a presynaptic action or I) might respond differently, as a consequence of a
of NT-3. However, in several experiments, the enhance- ªcell autonomousº modulation. To understand the cellu-
ment of EPSC amplitude was accompanied by only mi- lar mechanisms behind BDNF-induced plasticity, we
nor changes in PPR or CV (Figures 8B and 8C). Overall, characterized the locus of its expression, a subject of
the correlation of the extent of potentiation with CV2 considerable controversy (Levine et al., 1995, 1998;
and DPPR was weak compared with that of potentiation Kang and Schuman, 1996; Lessmann and Heumann,
induced by BDNF. To further elucidate the actions of 1998; Li et al., 1998a, 1998b). We favor a presynaptic
NT-3, we examined its effects on spontaneous mEPSCs locus of BDNF potentiation based on the following
recorded at E!E (Figure 8D). Unlike the BDNF effect, observations. (1) Enhancement of AMPA receptor±
neither the frequency nor the amplitude of mEPSCs was mediated EPSCs was accompanied by a reduction in
significantly affected by NT-3. The lack of an effect of both PPR and CV (Figure 2), (2) NMDA receptor±
NT-3 on mEPSC frequency further supports the idea mediated EPSCs were potentiated to an extent similar
that NT-3 may alter synaptic transmission in a manner to that of AMPA receptor±mediated EPSCs, without
different from that found for BDNF (compare with Figure changes in their decay kinetics (Figure 3), and (3) potenti-
5B). However, our findings clearly show that, like BDNF, ation of NMDA receptor±mediated EPSCs was also ac-
NT-3 induces potentiation of evoked synaptic transmis- companied by a reduction in CV. We therefore conclude
sion onto glutamatergic postsynaptic target neurons. that BDNF acts predominantly by increasing presynap-
tic glutamate release, although a minor postsynaptic
contribution cannot be excluded. In two cases, we didDiscussion
observe a small increase in the amplitude of asynchro-
nously released mEPSCs (data not shown). In principle,In the present study, we have shown that BDNF induces
this presynaptic modification might be occurring at anya rapid and persistent potentiation of glutamate release,
step in the cascade that links Ca21 elevation and vesiclebut this effect is restricted to those terminals projecting
fusion. For example, BDNF induces phosphorylation ofonto excitatory neurons. Evoked glutamate release onto
synapsin-I in cortical neurons through activation of theinhibitory neurons was not affected, although E!I termi-
MAP kinase pathway (Jovanovic et al., 1996), with a timenals did respond to BDNF with a robust increase in
course consistent with our findings on potentiation. Inthe frequency of spontaneous transmitter secretion. In
addition, BDNF can also upregulate presynaptic Ca21addition, NT-3 also potentiated excitatory synaptic
channels, although this was observed only after chronictransmission in a target-specific manner similar to that
treatment (Baldelli et al., 1999). Further elucidation ofof BDNF, suggesting that target specificity may be a
the biochemical cascades involved in Ca21-dependentgeneral property of neurotrophin-induced plasticity.
transmitter release would facilitate a molecular under-Potentiation of excitatory synaptic transmission at
standing of neurotrophin actions.hippocampal synapses by neurotrophins has been con-
troversial. In slices, acute effects in the CA1 region have
been observed by Kang and Schuman (1995) but not by Cellular Mechanisms of Target-Specific Potentiation
The target-dependent effects of BDNF described hereothers (Figurov et al., 1996; Tanaka et al., 1997; Frerking
et al., 1998). Interestingly, potentiation was also found are compatible with three possibilities: (1) localized dis-
tribution of TrkB receptors only at presynaptic terminalsin the dentate gyrus in vivo (Messaoudi et al., 1998). In
cultures of hippocampal neurons, synaptic potentiation of E!E synapses, (2) localized presence of effector mol-
ecules or modulatory factors only at presynaptic termi-by BDNF has been observed more consistently (Less-
mann et al., 1994; Levine et al., 1995; Lessmann and nals of E!E synapses, with uniformly distributed TrkB
receptors in the presynaptic neuron, and (3) selectiveHeumann, 1998; Li et al., 1998a, 1998b; Berninger et al.,
1999), although Sherwood and Lo (1999) have observed BDNF-induced retrograde signaling from the postsyn-
aptic cell at E!E terminals. These scenarios point to ano acute effect on evoked transmission at autapses.
We and others have recently shown that potentiation compartmentalized control of synaptic efficacy, in which
connections susceptible and not susceptible to potenti-induced by BDNF and NT-4 in hippocampal cultures
takes place only at synapses with a low initial strength ation coexist in the same presynaptic neuron (Figure 4).
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Figure 7. Target-Specific Potentiation of Ex-
citatory Synaptic Transmission by NT-3
(A) An example of recording at E!E connec-
tions. The connectivity of this pair is indicated
in the top diagram. NT-3 (100 ng/ml) was ap-
plied at t 5 0, as indicated by the horizontal
bar. The arrowhead denotes a polysynaptic
input that appeared after NT-3 treatment.
Scale bar: 100 pA, 5 ms.
(B) An example of the effect of NT-3 at E!I
connections. Scale bar: 100 pA, 5 ms.
(C) Summary of all experiments on E!E and
E!I connections similar to those shown in
(A) and (B). The amplitude of EPSCs was nor-
malized to the mean amplitude recorded dur-
ing baseline period (before NT-3 treatment)
for each experiment, before averaging. Data
points represent mean 6 SEM. During the
last 10 min of each experiment, postsynaptic
responses at E!E were on average 1.41 6
0.09-fold of those during baseline period (n 5
16, p , 0.001, paired t test). E!I connections
showed no change (1.06 6 0.04-fold of the
baseline value; n 5 8, p 5 0.35).
(D) Extent of synaptic potentiation induced
by NT-3 for individual experiments, plotted in
the same manner as in Figure 1D. The same
data set as that shown in (C).
Possibility (1) is unlikely in light of the finding that E!I 1 and 4) might indicate that these terminals do not re-
spond to BDNF due to, for example, absence of TrkBconnections respond to BDNF by increasing the fre-
quency of mEPSCs (Figure 6). In (2), a long-term retro- receptors. However, analysis of mEPSCs revealed that
this is not the case; the frequency of spontaneous eventsgrade influence from the postsynaptic cell must have
occurred prior to the exposure to BDNF, whereas in (3), at E!I was markedly increased by BDNF (Figure 6).
These results suggest that spontaneous secretion andan acute retrograde signal is triggered by BDNF's action
on the postsynaptic cell. Since blockade of TrkB signal- evoked release of transmitter are modified by BDNF via
different mechanisms.ing in the presynaptic neuron has been shown to abolish
BDNF-induced potentiation in a similar culture system It is generally assumed that a presynaptic increase in
Pr will be accompanied by an increase in the mEPSC(Li et al., 1998a), we favor the possibility (2) of a differen-
tial presynaptic action of BDNF due to a target-specific frequency. The results shown here for E!E synapses
(Figures 1±5) are in agreement with this concept. It hasretrograde influence on the differentiation of presynaptic
terminals. Such retrograde interaction may also account been shown, however, that mEPSC frequency and
evoked responses can be independently modulated.for the target specificity of mossy fiber plasticity in the
hippocampus (Maccaferri et al., 1998), where differ- Synaptotagmin, a presynaptic protein involved in Ca21-
dependent exocytosis, appears to have opposite effectsences in the inducibility of presynaptic plasticity are
found for morphologically distinct terminals that contact on spontaneous versus evoked release; the lack of func-
tional synaptotagmin reduces evoked transmitter re-either interneurons or pyramidal cells. In the CA1 region
of the hippocampus, BDNF seems to be required for LTP lease but increases mEPSC frequency (Broadie et al.,
1994; DiAntonio and Schwarz, 1994; Geppert et al.,either in an instructive or a permissive manner (Korte et
al., 1995, 1996; Figurov et al., 1996; Patterson et al., 1994), whereas overexpression of synaptotagmin re-
duces mEPSC frequency, while it increases paired pulse1996; Kang et al., 1997; Gottschalk et al., 1998). There-
fore, lack of an effect of BDNF on evoked responses at facilitation (Morimoto et al., 1998). In the case of the
BDNF-mediated effects, one possibility is that height-E!I might explain why these synapses do not undergo
LTP in response to the same stimulation paradigms that ened mEPSC frequency in both E!E and E!I is a sec-
ondary effect of elevated intracellular Ca21 concentra-induce LTP at E!E (McMahon and Kauer, 1997; Bi and
Poo, 1998; Maccaferri et al., 1998). Finally, since expres- tion following activation of TrkB receptors (Berninger et
al., 1993). However, a simple modification of Pr by thesion of bdnf mRNA is very prominent in hippocampal
principal cells but virtually absent in GABAergic in- elevated Ca21 concentration cannot account for the ef-
fect of BDNF on the evoked release, since there was noterneurons (Marty et al., 1997), BDNF released from the
postsynaptic cell could by itself instruct the develop- effect at E!I synapses. Our results are consistent with
the notion that spontaneous and evoked vesicular re-ment of BDNF sensitivity of presynaptic terminals.
lease can be independently regulated, due to differ-
ences in the fusion machinery at the site of exocytosis.Effects of BDNF on mEPSCs at Both E!E and E!I
The absence of presynaptic potentiation of EPSCs in To account for our results, the machinery for the evoked
release at E!E but not E!I must be sensitive to BDNF,terminals that project onto GABAergic neurons (Figures
Neuron
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Figure 8. Effects of NT-3 on PPR and CV at E!E Connections
(A) Change in PPR with time for the experiment shown in Figure 7A, showing a clear reduction in PPR. Scale bar: 100 pA, 20 ms.
(B) An example of recording in which NT-3 induced a robust potentiation without affecting PPR.
([C], Left Panel) Analysis of the CV of EPSCs after synaptic potentiation by NT-3. All calculations were performed in the same manner described
for Figure 2B. Note that the dotted line depicts the diagonal.
([C], Right panel) DPPR after treatment with NT-3. Each point refers to the result from one experiment. The line represents the best linear fit
of the data, which show no significant correlation (r 5 20.412, p 5 0.143). Open squares represent mean 6 SEM.
(D). Analysis of the effects of NT-3 on the frequency and amplitude of mEPSCs at E!E. For each experiment, the frequency and amplitude
values were normalized to those observed during the 10 min interval before the onset of the treatment.
while the machinery for the spontaneous release is simi- of PPR and CV was carried out to determine the locus
larly affected by BDNF. It is also possible that the in- of expression of this potentiation. We found that PPR
crease in spontaneous release reflects a process that is was somewhat reduced after synaptic potentiation,
necessary but not sufficient to increase evoked release, whereas, on average, CV was not significantly altered
which requires an additional BDNF-sensitive step pres- after potentiation (Figure 8C). Although these results do
ent only at E!E synapses. not strongly support a presynaptic effect, the finding
What might be the physiological role of BDNF-induced that mEPSC amplitude was not affected by NT-3 argues
potentiation of spontaneous glutamate secretion? It has against postsynaptic changes in glutamate sensitivity
been recently shown that activation of postsynaptic (Figure 8D). Further studies are required to more thor-
AMPA receptors by spontaneous mEPSCs is sufficient oughly identify the locus of modification by NT-3. Finally,
to maintain the structure and density of dendritic spines the striking contrast between the marked increase in
(McKinney et al., 1999). It is conceivable that BDNF may mEPSC frequency elicited by BDNF and the complete
help to maintain the dendritic architecture through an lack of modifications of mEPSC frequency by NT-3 (Fig-
increase in mEPSC frequency. The overall dendritic ures 5B and 8D) suggests that the mechanisms of action
structure in layer 4 of primary visual cortex was found to of these neurotrophins must differ in some of their down-
be affected by BDNF in a manner dependent on synaptic stream effector molecules.
activity, consistent with spontaneous release playing a
role in structural modifications (McAllister et al., 1996).
Role of Target-Specific Potentiation in Development
and PlasticityTarget-Specific Potentiation by NT-3
Neuronal activity can upregulate expression of neuro-In addition to the effects of BDNF, we have also found
trophins, and depolarization or synaptic activity can trig-that NT-3 produces a robust potentiation of evoked syn-
aptic transmission in a target-specific manner. Analysis ger secretion of neurotrophins (Gall and Isackson, 1989;
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stated, numbers are mean 6 SEM, and significance was evaluatedZafra et al., 1990, 1991; Bloechl and Thoenen, 1995;
using two-tailed, unpaired t tests.Goodman et al., 1996; Wang and Poo, 1997). Neuro-
trophins, in turn, can exert a local modulatory action
EPSC Recordingson synaptic efficacy (Wang et al., 1998). Our findings
Due to the dependence of the BDNF effect on the initial synapticsuggest that activity-induced secretion of neurotrophins
strength (Berninger et al., 1999), only those synapses with initial
at the synapse may result in a selective enhancement EPSC ,700 pA were analyzed (with the exception of Figure 2B, in
of transmission along excitatory pathways that may be which stronger connections were also included). To assess synaptic
further amplified by the neurotrophin-induced depres- connectivity, each neuron was stimulated at z0.05 Hz by 1 ms step
depolarization from 270 mV to 150 mV in voltage-clamp mode, andsion of inhibitory transmission found in some systems
responses from all neurons were recorded. Both EPSCs and IPSCs(Kim et al., 1994; Tanaka et al., 1997; Frerking et al.,
were inward at the holding potential (270 mV) and were fully blocked1998). The target-specific synaptic modification induced
by 10 mM CNQX or by 20 mM bicuculline methiodide (RBI), indicating
by neurotrophins strengthens the relay of excitatory that they were mediated by AMPA and GABAA receptors, respec-
transmission without a concomitant increase in inhibi- tively. Furthermore, IPSCs had longer decay times and more nega-
tion. Such an acute shift between excitation and inhibi- tive reversal potentials (270 to 240 mV) than did EPSCs (z0 mV).
These properties were used to distinguish the identities of postsyn-tion may require compensatory mechanisms to maintain
aptic neurons (excitatory versus inhibitory) when reciprocally con-long-term stability of the neural network. Interestingly,
nected. If present, autaptic responses were used for identificationoverexpression of BDNF accelerates the maturation of
of the neuronal type using pharmacology but were not included
inhibitory pathways in the visual cortex during early de- in the analysis of neurotrophin effects. Experiments in which E!I
velopment (Huang et al., 1999), and long-term exposure responses were studied and those involving divergent outputs in a
of cortical cultures to BDNF reduces postsynaptic sensi- triplet (Figure 4) were performed using strictly monosynaptic con-
nections (delay from end of stimulus to onset of response, ,4 ms).tivity of E!E, while it enhances that of E!I (Rutherford
Isolated NMDA receptor±mediated EPSCs (Figure 3) were re-et al., 1998). Thus, the same neurotrophin molecule ap-
corded using a modified bath solution containing 2 mM CaCl2, 0pears to serve two opposite functions in synaptic modifi-
MgCl2, 10 mM CNQX, 20 mM bicuculline, and 1 mM glycine. Thecation over different time scales. Finally, blocking BDNF presynaptic neuron was stimulated with a single pulse every 30 s.
functions in the hippocampus results in a delayed devel- NMDA receptor±mediated EPSCs exhibited a slow decay time (.200
opment of kindling-induced epilepsy (Kokaia et al., 1995; ms) and were blocked by 2±10 mM MK-801 (RBI). These currents
were digitally filtered at 500 Hz during analysis to reduce the noise.Binder et al., 1999), suggesting that a BDNF-induced
long-term imbalance in excitation versus inhibition could
be pathological. Recordings of mEPSC
After the transmitter phenotype was unambiguously identified using
evoked responses, the recording solution was exchanged for one
containing 1 mM TTX, 20 mM bicuculline, and 0.05% bovine serumExperimental Procedures
albumin (BSA). Under these conditions, mEPSCs displayed fast ki-
netics and a reversal potential .210 mV, and were blocked by 10Culture Preparation
Low-density cultures of dissociated embryonic day 18 (E18) rat hip- mM CNQX. Miniature currents simultaneously recorded from up to
three neurons were filtered at 2 kHz, digitized, and videotaped forpocampus were prepared as described previously (Bi and Poo,
1998). Briefly, hippocampi were trypsinized (15 min, 378C), washed, later analysis. Recordings were played back and mEPSCs were
detected and analyzed using WCP software (kindly provided by J.and gently triturated. Neurons were plated at 20,000±60,000 cells/
ml on poly-L-lysine-coated coverslips in 35 mm dishes. The plating Dempster, University of Strathclyde, Scotland).
medium was Dulbecco's modified Eagle's medium (BioWhittaker,
Walkersville, MD) supplemented with 10% heat-inactivated fetal bo- Neurotrophin Application
vine serum (Hyclone, Logan, UT) and 10% Ham's F12 with glutamine. Human recombinant BDNF or NT-3 (100 ng/ml; Promega) was dis-
The culture medium was supplemented with 20 mM KCl 24 hr after solved in 5 ml of external solution containing 0.05% BSA (Sigma).
plating. Both glia and neurons were present under these conditions. BSA was present during the control period and did not affect basal
Electrophysiological recordings were performed after 8±15 days in synaptic transmission. Once BDNF perfusion started, the same bath
culture. solution was recycled through the peristaltic pump for the remainder
of the experiment. Recycling solution without neurotrophins did not
affect synaptic transmission. (Figure 3B; and see also Berninger etElectrophysiology
al., 1999). The effect of BDNF was dose dependent (Berninger etWhole-cell perforated patch recordings from two or three neurons
al., 1999).were performed simultaneously, as described in Bi and Poo (1998).
Micropipettes were made from borosilicate glass capillaries (Kimax)
with a resistance of z2 MV. Pipettes were tip filled with internal Acknowledgments
solution and then back filled with internal solution containing 200
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